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Nanoparticle	 Size	(nm)	 Cell	line	 Response	 Ref(s).	
Copper	oxide	
(CuO)	
























































































































































































































































































































































































































































































































































































































24 h AgNP F 24 h AgNP M









































Zeta	Potential	(mV) -30.23 -20.73 -16.63 -34.67 -20.13 -17.17
























































































































































































































































































































































































































Protein	 PC-F-1	 PC-F-24	 PC-M-1	 PC-M-24	
Angiotensinogen	
angiotensinogen	 	 	 	 Ö	
angiotensinogen	precursor	 	 Ö	 	 	
Apolipoprotein	
A-I	 Ö	 Ö	 Ö	 Ö	
A-I	precursor	 Ö	 Ö	 Ö	 Ö	
A-IV	 Ö	 	 Ö	 Ö	
B	 Ö	 Ö	 Ö	 Ö	
B-100	 Ö	 Ö	 Ö	 Ö	
C-II	 Ö	 	 	 	
33	
	
D	 	 	 	 Ö	
E	 Ö	 Ö	 Ö	 Ö	
beta-2-glycoprotein	1	(apolipoprotein	H)	 	 	 Ö	 Ö	
CaMKII	
subunit	alpha	isoform	1	 	 Ö	 Ö	 Ö	
subunit	delta	 Ö	 Ö	 Ö	 Ö	
Ceruplasmin	
ceruloplasmin	 Ö	 Ö	 Ö	 Ö	
ceruloplasmin	isoform	X1	 Ö	 Ö	 Ö	 Ö	
Red	Blood	Cell	Function	
Blood	Coagulation	 	 	 	 	
alpha-1-antitrypsin	 	 Ö	 Ö	 Ö	
alpha-1-antitrypsin	homolog	 	 	 	 Ö	
antithrombin-III	 	 	 Ö	 	
beta-fibrinogen	 	 	 Ö	 	
fibrinogen	alpha	chain	 	 	 Ö	 	
fibrinogen	beta	chain	 Ö	 Ö	 Ö	 Ö	
fibrinogen	beta	chain	precursor	 Ö	 Ö	 	 Ö	
fibrinogen	gamma	chain	 Ö	 Ö	 Ö	 Ö	
fibrinogen	gamma	protein	 	 Ö	 Ö	 Ö	
gamma	fibrinogen	 	 Ö	 Ö	 Ö	
kallikrein	 	 Ö	 Ö	 Ö	
34	
	
kininogen	 	 Ö	 	 	
kininogen-1	isoform	X1	 Ö	 	 	 	
plasminogen	 Ö	 Ö	 Ö	 Ö	
plasminogen	precursor	 	 Ö	 Ö	 Ö	
serum	amyloid	A	 Ö	 Ö	 Ö	 Ö	
serum	amyloid	A	protein	 Ö	 Ö	 Ö	 Ö	
vitamin	K-dependent	protein	C	 Ö	 Ö	 Ö	 Ö	
Hemoglobin	 	 	 	 	
beta	chain	 Ö	 	 	 Ö	
beta	embryonic-2	 	 	 Ö	 	
beta-2	subunit	 	 Ö	 Ö	 	
embryonic	subunit	alpha	 Ö	 	 Ö	 	
subunit	alpha-1	 Ö	 Ö	 Ö	 Ö	
subunit	alpha-2	 Ö	 Ö	 Ö	 Ö	
subunit	alpha-A	 Ö	 Ö	 Ö	 Ö	
subunit	beta	 	 Ö	 Ö	 	
subunit	beta-1	 Ö	 Ö	 Ö	 Ö	
Transferrin	 	 	 	 	
serotransferrin	 Ö	 	 Ö	 Ö	
transferrin	 Ö	 Ö	 Ö	 Ö	
Immune	Function	
Complement	 	 	 	 	
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C1q	protein	4	 Ö	 Ö	 	 Ö	
C1qB	 	 	 Ö	 	
C1qC	 	 	 	 Ö	
C1r/s-A	isotype	 	 Ö	 Ö	 Ö	
C1s	subcomponent	 	 	 	 Ö	
C3	 Ö	 Ö	 Ö	 Ö	
C3-2	 	 	 	 Ö	
C3-2	precursor	 	 Ö	 Ö	 	
C3	isoform	X1	 	 Ö	 Ö	 Ö	
C4	 Ö	 Ö	 Ö	 Ö	
C4-B	 	 	 Ö	 	
C5	 Ö	 Ö	 Ö	 Ö	
C6	 Ö	 Ö	 Ö	 Ö	
C7	 Ö	 Ö	 Ö	 Ö	
C8	alpha	 Ö	 Ö	 Ö	 Ö	
C8	beta	 Ö	 Ö	 Ö	 Ö	
C8	gamma	chain	isoform	X1	 Ö	 	 Ö	 Ö	
C9	 Ö	 Ö	 Ö	 Ö	
factor	B	 	 	 	 Ö	
factor	H	 	 	 Ö	 Ö	
factor	I	 	 	 	 Ö	
pro-C3-1	 Ö	 Ö	 Ö	 Ö	
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Immunoglobulins	 	 	 	 	
delta	heavy	chain	 Ö	 Ö	 Ö	 	
domain-containing	receptor	1	 	 Ö	 Ö	 Ö	
gamma	heavy	chain	variable	region	 	 	 Ö	 	
heavy	chain	 	 Ö	 Ö	 Ö	
heavy	chain	BrE-3	-	mouse	(fragment)	 	 	 Ö	 	
heavy	chain	precursor	 	 	 Ö	 	
heavy	chain	variable	region	 Ö	 Ö	 Ö	 Ö	
kappa	chain	V	region	Mem5	 	 	 Ö	 Ö	
kappa	chain	V-II	region	RPMI	6410	precursor	protein	 	 	 Ö	 Ö	
kappa	chain	V-IV	region	JI	precursor	 	 	 Ö	 	
kappa	light	chain	 	 	 Ö	 	
lambda	light	chain	VLJ	region	 	 	 Ö	 	
lambda	polypeptide	1	precursor	 	 	 Ö	 	
light	chain	 Ö	 Ö	 Ö	 Ö	
light	chain	isotype	1	 	 	 Ö	 Ö	
light	chain	isotype	L1	 	 	 Ö	 Ö	
light	chain	precursor	 	 	 	 Ö	
light	chain	precursor	L	 Ö	 Ö	 Ö	 Ö	
light	chain	type	1	 	 Ö	 Ö	 Ö	
M	heavy	chain	 Ö	 Ö	 Ö	 Ö	
mu	heavy	chain	 Ö	 Ö	 Ö	 Ö	
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mu	heavy	chain	secretory	form	 Ö	 	 	 	
mu	heavy	chain	variable	region	 	 	 Ö	 	
mu/tau	heavy	chain	 	 Ö	 Ö	 Ö	
tau	heavy	chain	 Ö	 Ö	 Ö	 Ö	
Macroglobulins	 	 	 	 	
alpha-2-macroglobulin	 Ö	 Ö	 Ö	 Ö	
alpha-2-macroglobulin-1	 	 	 	 Ö	
alpha-2-macroglobulin-P	 Ö	 	 	 Ö	
VEGF	
chain	A		 Ö	 Ö	 Ö	 Ö	
Female-specific	Egg	Proteins	
VTG	 Ö	 Ö	 	 	
VTG	A	 Ö	 	 	 	
VTG	Aa	 Ö	 Ö	 	 	
VTG	Ab	 Ö	 Ö	 	 	
VTG	C	 Ö	 Ö	 	 	
VTG-1	 Ö	 Ö	 	 	














A	 B	 C	 D	
Angiotensinogen	
angiotensinogen	 gi|343459201			 0	 0	 0	 2	
angiotensinogen	
precursor	
gi|213511078	 0	 1	 0	 0	
Apolipoproteins	
A-I	 gi|736298162	 1	 1	 1	 1	
A-I	precursor	 gi|118344628	 1	 1	 1	 1	
A-IV	 gi|551495886		gi|734628151		gi|498985280		
gi|736294062	
3	 0	 2	 2	




21	 7	 11	 9	
C-II	 gi|193795860	 1	 0	 0	 0	
D	 gi|657534183	 0	 0	 0	 1	










gi|395504846	 0	 1	 1	 1	




15	 15	 11	 18	
isoform	X1	 gi|551507474		gi|657739145	 8	 10	 9	 6	
Red	Blood	Cell	Function	
Blood	Coagulation	
alpha-1-antitrypsin	 gi|397776428		gi|209981964	 0	 1	 1	 2	
alpha-1-antitrypsin	
homolog	
gi|657564670		gi|498942077	 0	 0	 0	 2	
antithrombin-III	 gi|734648335	 0	 0	 1	 0	
beta-fibrinogen	 gi|683842253	 0	 0	 3	 0	
fibrinogen	alpha	
chain	





3	 3	 14	 9	
fibrinogen	beta	
chain	precursor	







4	 8	 11	 11	
kallikrein	 gi|551520679	 0	 1	 1	 1	
kininogen	 gi|46576222	 0	 1	 0	 0	
kininogen-1	isoform	
X1	




13	 12	 26	 16	
plasminogen	
precursor	
gi|157278425		gi|41393105	 0	 2	 5	 3	
serum	amyloid	A	 gi|401721571		gi|401721573	gi|530653512		
gi|465990098	




gi|657580165		gi|657811911		gi|734645142	 1	 1	 3	 2	
Hemoglobin	 	 	 	 	 	
beta	chain	 gi|157284022	 3	 0	 0	 2	
beta	embryonic-2	 gi|47086345	 0	 0	 2	 0	
beta-2	subunit	 gi|116488092	 0	 2	 3	 0	
embryonic	subunit	
alpha	
gi|523704559	 4	 0	 4	 0	
subunit	alpha-1	 gi|432868060	 4	 4	 4	 3	
subunit	alpha-2	 gi|269969355	 2	 2	 2	 2	
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subunit	alpha-A	 gi|734603612	 2	 2	 2	 2	
subunit	beta	 gi|115502222		gi|122603		gi|734603610		
gi|524948366	gi|225716372	
0	 3	 9	 0	
subunit	beta-1	 gi|551527417		gi|225706810	 20	 21	 20	 1	
Transferrin	 	 	 	 	 	
serotransferrin	 gi|6136039	 1	 0	 2	 1	
transferrin	 gi|374431112		gi|10567299		gi|7339632	 4	 3	 7	 6	
Immune	Function	
Complement	 	 	 	 	 	
C1qB	 gi|429509793	 0	 0	 1	 0	
C1qC	 gi|429509799	 0	 0	 0	 1	
C1q	protein	4	 gi|397511022	 1	 1	 0	 1	
C1r/s-A	isotype	 gi|67772028	 0	 1	 1	 1	







29	 32	 24	 41	
C3	isoform	X1	 gi|348525110		gi|734619056	 0	 3	 5	 3	
C3-2	 gi|339269297	 	 	 	 7	
C3-2	precursor	 gi|157311657	 0	 3	 4	 0	
C4	 gi|684939571		gi|636571980			 1	 1	 3	 1	
42	
	
C4-B	 gi|498938159	 0	 0	 1	 0	
C5	 gi|499042231		gi|657589422		gi|734649196		
gi|736187868	
7	 7	 13	 8	
C6	 gi|684939384		gi|551522012		gi|348505142		
gi|465986824	
1	 1	 4	 3	
C7	 gi|429508173		gi|410922874		gi|6682831		
gi|542188839		gi|657814026	
3	 5	 4	 4	
C8	alpha	 gi|429508163		gi|734635553	 2	 2	 1	 1	
C8	beta	 gi|429508165		gi|20138051		gi|328677213		
gi|410924816		gi|734635551	
13	 15	 19	 14	
C8	gamma	chain	
isoform	X1	
gi|617385810	 1	 0	 1	 1	
C9	 gi|352962746		gi|408689299	gi|410903672		
gi|736216070		gi|323650010	
8	 7	 10	 9	
pro-C3-1	 gi|573026038	 9	 9	 9	 12	
factor	B	 gi|657542545		gi|736297094	 0	 0	 0	 2	
factor	H	 gi|736308413	 0	 0	 1	 1	
factor	I	 gi|542244580	 0	 0	 0	 1	
Immunoglobulins	 	 	 	 	 	
delta	heavy	chain	 gi|226860390		gi|559775728	 2	 2	 3	 0	
domain-containing	
receptor	1	
gi|677385174	 0	 1	 1	 1	
gamma	heavy	chain	
variable	region	
gi|700652874	 0	 0	 1	 0	
43	
	
heavy	chain	 gi|11890707		gi|11890645		gi|2852433	 0	 1	 3	 1	
heavy	chain	BrE-3	-	
mouse	(fragment)	
gi|2137439	 0	 0	 1	 0	
heavy	chain	
precursor	






3	 8	 13	 13	
kappa	chain	V	
region	Mem5	




gi|528762398	 0	 0	 2	 2	
kappa	chain	V-IV	
region	JI	precursor	
gi|209738284	 0	 0	 2	 0	
kappa	light	chain	 gi|225625776	 0	 0	 1	 0	
lambda	light	chain	
VLJ	region	
gi|21669497	 0	 0	 1	 0	
lambda	polypeptide	
1	precursor	




23	 26	 32	 22	
light	chain	isotype	1	 gi|119067935	 0	 0	 3	 2	
light	chain	isotype	
L1	





gi|14289265	 0	 0	 0	 2	
light	chain	
precursor	L	
gi|37779042	 5	 5	 6	 4	
light	chain	type	1	 gi|30692167	 0	 2	 2	 2	
M	heavy	chain	 gi|532579074	 15	 15	 22	 23	
mu	heavy	chain	 gi|149394324		gi|322423472		gi|111228036		
gi|566036242		gi|566036234		gi|334362362	
11	 9	 18	 10	
mu	heavy	chain	
secretory	form	
gi|629632982	 3	 0	 0	 0	
mu	heavy	chain	
variable	region	
gi|372467865	 0	 0	 3	 0	
mu/tau	heavy	chain	 gi|566036203		gi|566036207	 0	 3	 3	 5	
tau	heavy	chain	 gi|566036209	 1	 1	 1	 1	
Macroglobulins	 	 	 	 	 	
alpha	2	 gi|734650793		gi|697870411		gi|734650085		
gi|742195782		gi|736193097		gi|42415863	
7	 3	 1	 8	
alpha	2-1	 gi|323650130	 0	 0	 0	 1	
alpha-2-P	 gi|734650797	 1	 0	 0	 2	
VEGF	




12	 10	 0	 0	
45	
	
VTG	A	 gi|291465276	 2	 0	 0	 0	
VTG	Aa	 gi|374923101	 4	 4	 0	 0	
VTG	Ab	 gi|326375569	 4	 4	 0	 0	
VTG	C	 gi|71011912		gi|374923105	 3	 2	 0	 0	
VTG-1	 gi|410921648		gi|657576314		gi|736193115		
gi|657576314	
4	 3	 0	 0	
ZP	glycoprotein	2.3	
precursor	































































































































































































































































PVP-AgNPs	test	solution	 0.1	mg/L	 1	mg/L	 	10	mg/L	
Temperature	(°C)	 25	
Mean	value	(mV)	 -7.52	 -9.27	 -13.10	



































Hour post fertilization (hpf)
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	 Lethality	(%)	 Hatchability	(%)	 Abnormalities	(%)	
	 LC50	 95%	C.I.	 EC50	 95%	C.I.	 EC50	 95%	C.I.	
Sock-AgNP	 0.26	 0.12-1.3	 0.05	 0.02-0.11	 0.15	 0.08-0.75	
Spun-AgNP	 0.14	 0.07-0.8	 0.04	 0.005-0.22	 0.12	 0.08-0.78	
AgNO3	 0.80
b	 0.47-1.9	 0.14c	 0.03-0.41	 -a	 -	
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Figure	4.4	Relative	superoxide	dismutase	(sod)	mRNA	
levels	in	zebrafish	embryos	exposed	to	different	
concentrations	of	sock-AgNP,	spun-AgNP	and	AgNO3	
solutions	quantified	by	qRT	PCR	(n	=	3	per	treatment).	
Only	spun-AgNP	caused	a	marked	up-regulation	of	sod	
(*	p=0.007)	
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and	to	AgNO3	and	found	a	significant	up-regulation	only	at	the	highest	concentration	(1.2	mg/L)	
of	spun-AgNP	(Fig.	4.4).	There	are	previous	studies	that	have	measured	sod	expression	after	
exposure	to	AgNPs,	which	have	reported	either	an	up	regulation	(soil	nematode,	<	100	nm	at	
0.05-0.5	mg/L),	no	changes	(adult	zebrafish	livers,	5-20	nm	at	120	mg/L,	zebrafish	embryos)	
(Choi	et	al.,	2010)	(Massarsky	et	al.,	2013)	or	down-regulation	(earthworms,	10-50	nm	at	100	-	
500	mg/kg)	(Tsyusko	et	al.,	2012).	Studies	identified	that	there	were	no	significant	sod	
expression	changes	caused	by	AgNO3	exposure	(soil	nematodes,	0.05-0.5	mg/L;	zebrafish	
embryos,	0.03-1.55	mg/L)	(Roh	et	al.,	2009,	Massarsky	et	al.,	2013).	We	did	not	see	any	
differential	expression	of	sod	mRNA	upon	sock-AgNP	or	AgNO3	exposure.	Therefore,	the	
oxidative	stress	observed	with	the	spun-AgNPs	is	not	likely	caused	by	AgNPs	or	Ag+	present	in	
the	wash	water.		
4.4	Conclusions	
This	study	is	the	first	to	determine	the	toxicity	of	commercial	products	(socks)	coated	with	
AgNPs.	Our	results	show	that	the	high	toxicity	induced	by	the	leachate	of	these	socks	is	likely	
not	caused	by	AgNPs	or	Ag+.	More	studies	are	needed	that	evaluate	the	toxicity	of	AgNP-coated	
commercial	products.			
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CHAPTER	5 RESEARCH	SUMMARY,	GLOBAL	CONCLUSIONS	&	FUTURE	DIRECTIONS	
5.1	Protein	corona	of	AgNPs	in	fish	plasma	
5.1.1	Impact	to	field	
In	Chapter	2,	we	demonstrated	for	the	first	time,	the	use	of	fish	(smallmouth	bass)	plasma	for	
the	study	of	protein	corona	(PC)	formation	and	composition	on	the	surface	of	PVP-AgNPs.	We	
show	differences	in	the	size	and	composition	of	PC	that	were	time	and	gender-dependent.	Over	
300	different	proteins	were	identified,	with	the	majority	being	<	75	kDa	in	size.	The	most	
common	proteins	included	immunoglobulins,	complement	components,	hemoglobin,	blood	
coagulation	proteins	and	apolipoproteins.	In	addition,	female-specific	egg	proteins	(vitellogenin	
and	zona	pellucida	glycoproteins)	were	discovered	binding	to	the	particles	only	in	female	
plasma.	We	propose	that	fish	plasma	can	be	used	for	future	PC	studies.	The	implications	of	PC	
formation	on	toxicity	and	biodistribution	of	PVP-AgNPs	remain	unknown.			
5.1.2	Future	research	needs	
Previous	research	has	shown	that	NP	size,	shape,	surface	charge,	functionalization	and	core	
material	can	impact	the	composition	of	PCs.	Therefore,	it	is	of	importance	to	study	how	changes	
on	any	of	these	physico-chemical	parameters	can	affect	PC	formation	using	fish	plasma.	For	
instance,	different	size	AgNPs	(5,	10,	20,	100	nm)	and	coating	(citrate)	could	be	tested.	
Additional	core	materials,	such	as	gold	and	titanium,	should	also	be	studied	since	previous	
research	has	shown	that	the	size	distribution	of	proteins	is	highly	dependent	on	this	important	
factor.	Another	area	that	needs	exploring	relates	to	the	implications	of	PC	formation	on	AgNP	
toxicity	and	organ	distribution.	Although	we	detected	egg	proteins	on	the	surface	of	AgNPs,	we	
did	not	quantify	the	movement	of	these	particles	into	the	ovary.	It	would	also	be	of	interest	to	
study	potential	maternal	transfer	of	AgNPs	into	the	developing	embryos.	More	studies	are	
needed	that	evaluate	the	overall	impact	of	PC	formation	on	toxicity.	Finally,	an	interesting	
hypothesis	that	needs	further	study	is	the	relationship	between	the	types	of	proteins	that	
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associate	to	NPs	and	the	organs	were	they	move	to.	This	area	of	research	could	also	be	useful	in	
the	field	of	nanomedicine	that	seeks	to	target	specific	cells	and	organs	for	diagnostic	and	
treatment	purposes.		
5.2	Vascular	toxicity	of	AgNPs	
5.2.1	Impact	to	field	
In	Chapter	3,	we	reported	that	early	acute	exposure	(0–12	hours	post-fertilization,	hpf)	of	
zebrafish	embryos	to	PVP-AgNPs	(50	nm)	at	1	mg/L	or	higher	results	in	a	transient,	dose-
dependent	induction	in	vascular	endothelial	growth	factor	(VEGF)-related	gene	expression	that	
returns	to	baseline	levels	at	hatching	(72	hpf).	Hatching	results	in	normoxia,	negating	the	effects	
of	AgNPs	on	vascular	development.	Interestingly,	increased	gene	transcription	was	not	followed	
by	the	production	of	associated	proteins	within	the	VEGF	pathway,	which	we	attribute	to	NP-
induced	stress	in	the	endoplasmic	reticulum	(ER).	The	impaired	translation	may	be	responsible	
for	the	observed	delays	in	vascular	development	at	later	stages,	and	for	smaller	larvae	size	at	
hatching.	Silver	ion	(Ag+)	concentrations	were	<	0.001	mg/L	at	all	times,	with	no	significant	
effects	on	the	VEGF	pathway.	We	propose	that	PVP-AgNPs	temporarily	delay	embryonic	
vascular	development	by	interfering	with	oxygen	diffusion	into	the	egg,	leading	to	hypoxic	
conditions	and	ER	stress.		
5.2.2	Future	research	needs	
Additional	studies	should	be	conducted	to	corroborate	NP-induced	stress	to	the	ER	since	this	
could	impact	the	translation	of	additional	proteins	within	and	outside	the	VEGF	pathway.	
Another	area	that	needs	further	research	relates	to	the	long-term	impact	of	a	delay	in	vascular	
development	in	zebrafish	embryos.	Although	our	data	suggests	changes	are	transitory	and	
reversible,	we	did	find	a	decrease	in	larvae	size	which	could	negatively	affect	larvae	and	juvenile	
survival.	
5.3	Toxicity	of	commercial	products	containing	AgNPs	
5.3.1	Impact	to	field	
In	Chapter	4,	we	confirmed	the	release	of	AgNPs	from	commercial	products	(socks)	into	wash	
water	and	demonstrated	that	toxicity	of	this	leachate	to	zebrafish	embryos	was	not	due	to	silver	
in	the	NP	form	as	we	removed	it	using	ultracentrifugation	and	confirmed	their	absence	using	
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transmission	electron	microscopy.	Centrifugation,	however,	did	not	decrease	total	silver	
concentrations,	indicating	that	most	of	the	silver	in	the	sock-AgNP	solution	was	in	the	ionic	
form.	Further,	the	toxicity	of	this	leachate	was	much	higher	(LC50	0.14	-	0.26	mg/L)	compared	to	
that	of	ionic	silver	(0.80	mg/L).	All	together	our	results	showed	that	the	high	toxicity	induced	by	
the	leachate	of	these	socks	was	likely	not	caused	by	AgNPs	or	Ag+,	but	by	unknown	chemical(s).	
At	the	time	this	study	was	published,	there	was	no	data	on	the	toxicity	of	AgNPs	released	from	
any	commercial	products.		
5.3.2	Future	research	needs	
Considering	the	large	number	of	commercial	products	(several	hundred)	that	now	contain	
AgNPs,	there	is	a	real	need	to	determine	movement	of	NPs	and/or	Ag+	to	different	
environmental	media.	Additionally,	more	studies	are	needed	that	evaluate	the	toxicity	of	these	
products.	The	mere	presence	of	AgNPs	in	a	commercial	product	does	not	necessarily	imply	that	
silver	will	be	released	and	adversely	impact	organisms.	In	the	case	of	textiles,	it	would	be	of	
interest	to	better	understand	the	additional	types	of	chemicals	that	are	added	in	order	to	
incorporate	AgNPs	into	them.	As	we	observed	with	the	socks	examined,	these	chemicals	could	
have	higher	toxicity	than	silver.	
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